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Abstract: Large amounts of municipal solid waste incineration bottom ash (MSWI BA) are formed
worldwide, and this quantity is growing because of the establishment of new waste-to-energy plants.
This waste is generally kept in landfills but can be used for the manufacturing of cementitious
building materials. This article analyzes the use of MSWI BA as a microfiller in cement mortars. The
effects of MSWI BA on the properties of cement binder and mortar were analyzed by using them
separately or in combination with other microfillers: milled quartz sand, metakaolin, milled glass,
and microsilica. This article investigates the flowability of cement-based mixtures, the volume change
as a result of the evolution of hydrogen gas, cement hydration, XRD, TG, the physical and mechanical
properties of the mortar samples, and leaching. The addition of milled MSWI BA in cement mortars
was found to significantly increase slump flow; therefore, MSWI BA can be used as a microfiller. The
addition of metakaolin changed the kinetics of Hy, which evolved due to the reaction between Al
and alkali, and had a positive effect on the mechanical properties of cement mortar.

Keywords: municipal solid waste incineration bottom ash; cement hydration; mortar properties

1. Introduction

In the world, about 3.5 million tons of municipal solid wastes are generated every
day [1,2]. Many countries solve the problem of such a large amount of waste by incineration.
The incineration of municipal solid waste generates bottom ash (MSWI BA), fly ash (MSWI
FA), and air pollution control particles trapped in the filters that protect the ambient air
from pollution [3,4]. Worldwide, around 1.3 billion tons of MSWI BA were accumulated
by 2012. With new waste-to-energy plants being built, this amount is expected to increase
to 2.2 billion tons by 2025 [5,6]. Usually, MSWI BA is kept in landfills and is beginning to
be used in road construction, but it would be important to use MSWI BA in cementitious
materials, which are the most popular building materials in the world. MSWI BA is mostly
composed of glass, ceramics, sand, metal, and unburnt organic matter [7,8]. Compared to
MSWI FA, MSWI BA contains significantly fewer heavy metals and other toxic substances
and therefore is more acceptable for reuse [9]. Analysis of the chemical and mineral
composition of MSWI BA showed that this waste can be used as secondary raw material in
the construction sector [10]. In the composition of MSWI BA is glass, which is finely milled
and acts as a pozzolan [11]. The MSWI BA fraction of 4-16 mm means it is used mainly as
coarse aggregate in concrete, while the use of finer fractions as part of cement replacement
or as coarse aggregate has not been studied often [3,12]. The main disadvantages of the
MSWI BA fraction being below 3 mm are: (1) high porosity (increases water demand and
reduces concrete strength) [13] and (2) hydrogen gas, which evolves during the reaction
of metallic aluminum particles with alkalis during the binding of cementitious materials,
increasing the volume of mortar and causing the development of micro- and macrocracks
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in the structure [14-18]. This reaction of aluminum with alkaline substances follows the
following equation:

nAl + X(OH)n + HyO — X(AlO),y, + 3n/2H, 1)

During cement hydration, the decrease in the volume of reaction products compared
to original materials leads to the so-called autogenous shrinkage [19]. This process is
particularly pronounced in high-strength, self-compacting concretes, due to the higher
cement and fine aggregate content. The use of lightweight wet aggregates [20] is effective
in removing such effects through the internal curing process. However, the use of milled
MSWI BA as a microfiller in high-strength, self-compacting concretes can cause expansion
rather than shrinkage effects, due to the presence of dispersed aluminum (Al) [21,22]. In an
alkaline concrete medium, 1 g of Al causes 1.24 1 of hydrogen gas to evolve under standard
conditions. The aluminum content in MSWI BA stored at the Klaipeda Region Waste
Management Centre (KRATC) (Lithuania) is reported to be 22 kg/t, while in Germany, it is
reported to be 51 to 100 kg/t [23]. It was found [24] that the swelling of MSWI BA-modified
cement samples due to the evolution of hydrogen gas is the most intense during the first
50-150 min after mortar mixing. After that, hydrogen gas evolution actually stops.

The leaching of potentially toxic elements should also be mentioned as a disadvantage
of MSWI BA [25-27]. These include heavy metal chlorides and sulphates, most of which
are found in the fraction below 0.25 mm. It is recommended to separate this fraction
for the use of MSWI BA in cementitious materials [28,29]. However, the results of other
researchers [30,31] on cementitious materials with MSWI BA have shown that heavy metal
leaching is low and within the standard requirements, as the soluble parts of MSWI BA are
bound by the hydration products of cement minerals.

In order to use MSWI BA in cementitious materials, they need to be prepared in
a special method, which may include washing, heat treatment (hydrothermal cleaning,
melting), stabilization by the addition of hydraulic binders, preservation in the natural
environment, etc. [32]. It is recommended for MSWI BA to age first for at least 3 months
under natural conditions to allow carbonization and hydration of the active phases [33,34].
Studies [6,35,36] show that after ageing in the natural environment, the pH of MSWI BA
decreases from 12 to 10 and sometimes to 7, depending on the nature of the incinerated
waste and storage conditions. Reburning of MSWI BA at 600-800 °C has positive effects,
such as lower aluminum content, higher amounts of gehlenite and mayanite, and no
swelling of the samples during molding [17,37].

The negative effects of metallic aluminum can be addressed by milling MSWI BA. It
has been found that metallic aluminum particles are coalesced during the milling and can
be removed by sieving through a 0.5 mm sieve. The addition of 5% milled MSWI BA (finer
than 125 um) does not significantly change the hydration behavior of cement; the total
heat release is similar to that of cement, but the compressive strength of the specimens is
reduced by 7% to 9% after 28 curing days [3].

The particle size was found to have a significant effect on the pozzolanic activity of
MSWI BA, which can vary in the range of 250-550 mg/g, as determined by the Chapelle
test [38]. The pozzolanic activity of MSWI BA depends on the glass and ceramic residue
content in the ash, which may be approximately 40%. Finely milled MSWI BA (average
particle size 10 pm) is reported to accelerate cement hydration and increase the compressive
strength of cement specimens, especially at 90 days of curing. The compressive strength
of the cement samples modified with fine MSWI BA is approximately 100 MPa, while the
compressive strength of the cement samples modified with MSWI BA milled to an average
particle size of 100 um is approximately 94 MPa.

Literature analysis shows that the structure and chemical composition of MSWI BA
varies over a wide range. Most of the bottom ash parameters can be stabilized by milling,
and a standardized product can be produced. This product can be used to replace part
of the cement in plain concretes and can be used as a microfiller for the production of
self-compacting, high-strength concretes.
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The aim of this research work is to investigate the influence of milled MSWI BA on
cement hydration, rheological properties of cement mortars, kinetics of hydrogen evolution
due to residual Al, and physical mechanical properties of hardened mortar. In order to
evaluate milled MSWI BA as a microfiller, other microfillers with different properties were
used to analyze the synergetic effect of MSWI BA and milled quartz sand, metakaolin,
milled glass, and microsilica. Furthermore, in this work, the hydrogen evolutions of
different compositions due to residual Al were analyzed.

2. Materials and Methods

In this work, MSWI BA from UAB Fortum Heat Lietuva, Klaipeda (Lithuania) was
used. Municipal waste was incinerated in this plant at approximately 1100 °C. The MSWI
BA was aged in piles under natural conditions for 6 months. The aged material was
fractionated to separate the magnetic metals. The 4/16 fraction was used for further
analyses and was dried at 105 °C, crushed with a jaw crusher, and milled in a ball mill.

CEM142.5R cement from JSC Akmenes cementas (Lithuania) was used. The following
materials were used as alternative microfillers:

e Milled quartz sand (MQ), JSC Anyks¢iu kvarcas (Lithuania). Average particle size:
8.5 Hm; d10—0.7 wm; d50—5.8 um; d90—20.5 Hm;
e  Metakaolin (ME), JSC Stikloporas (Lithuania). Average particle size: 20.4 pm; d;p—2.6 pm;
d5p—16.8 um; dgp—44.5 um.
e  SiO; microspheres (MS), RW Silicon GmbH (Germany). Average particle diameter:
3.2 um; d1p—0.1 um; d5p—0.6 um; dgp—10.3 pum.
e Milled glass (MG), JSC Stikloporas (Lithuania). Average particle diameter 15.1 pm;
d10—2.7 um; d50—13.9 Hm; d90—29.2 pm.
The particle size distribution of the materials was investigated using laser diffraction
(Cilas 1090, Germany).
The fine aggregate used in the mortars was quartz sand (QS) from JSC Anyksciu
kvarcas (Lithuania), which had a fraction of 0.5-1 mm.
A polycarboxylate-based superplasticizer (SP) Glenium ACE 430 (FM) was used to
study the influence of microfillers on the rheological properties of mortars.
The chemical compositions of the materials used are given in Table 1. Chemical analy-
sis of the tested materials was carried out using X-ray fluorescence (Rigaku ZSX Primus IV,
Japan). The following spectrometer parameters were used: Rh anode, 4 kW, 60 kV, sample
diameter 40 mm, and height 3 mm. The powdered materials were compressed with a force
of 200 kN.

Table 1. Chemical compositions of materials (%).

Material Si02 CaO A1203 Fe203 Na20 MgO SO3 K20 Ti02 Cl ZnO BaO P205
Cement 20.0 63.4 4.57 3.46 0.14 3.71 2.73 1.30 0.32 - 0.01 0.06 -
MQ 99.2 0.07 0.57 0.05 0.03 0.02 0.02 0.02 0.05 - - - -
ME 52.4 1.27 39.8 1.03 3.39 0.37 0.08 0.93 0.54 0.01 - - 0.12
MS 96.1 0.25 0.20 0.05 0.10 0.40 0.35 1.20 - - - - -
MG 72.3 9.65 1.01 0.17 12.7 3.49 0.28 0.33 0.07 0.02 - - -
lg/IASWI 55.6 14.5 8.3 74 5.8 2.3 1.1 1.6 0.7 0.15 0.3 0.2 -

In addition, the following properties of the milled MSWI BA were determined: the weight
of residue on a 90 pum sieve—4%; bulk density—0.91 g/cm?; particle density—2.73 g/cm?;
specific surface area (Blaine method)—491.0 m?/g; pH (suspension concentration 20%)—9.5;
and electrical conductivity (suspension concentration 20%, after 3 h)—3.65 S/m.

The particle size distributions of the milled MSWI BA and cement are shown in
Figure 1. The curves are quite similar; the average diameter of the milled MSWI BA
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particles was approximately 13.7 um (d1p—1.6 um; dsp—9.2 um; dgg -34.7 um) and 15.6 um
(d10—0.8 pm; dsg —6.7 pm; dop—46.4 pm) for cement particles.

100 T
% ;/ /
< 80 A / / N
3 / =
Tg 60 &
v g
2 gz
5 4 A N &
E e\ z
g \\\ oy
) 20 7 - \ \
— /
T 4 - ﬁf/
0 Sl i \ \\
0.1 1 10 100

Diameter (um)
Figure 1. Particle size distribution curves of cement (green) and milled MSWI BA (red).

The X-ray of MSWI BA is shown in Figure 2. Qualitative phase analysis of MSWI BA
was performed by X-ray diffraction (DRON-7, Russia). A graphite monochromator was
used to obtain the X-ray Cu Ko spectrum (A = 0.15418 nm). The main minerals contained
in MSWI BA were found to be quartz and anorthite; the hill at 20-33° also indicated the
presence of amorphous SiO,.
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Figure 2. X-ray of MSWI BA (Q—quartz, A—anorthite).

The heat flow and the total heat release rate during the hydration of the solvent (dis-
tilled water) were measured with the microcalorimeter Tam Air III (TA Instruments, New
Castle, DE, USA). Glass ampoules with 20 mL of capacity were used for the experiments.
They were filled with 3 g of dry materials and placed in the microcalorimeter. After reaching
a constant temperature of 25 + 0.1 °C, 1.5 g of distilled water was added to the ampoule.
The resulting suspension was stirred at 2-3 rpm for 20 s. Heat flow was measured for 40 h.

Changes in cement mortar volume during curing were determined by continuous
hydrostatic weighing [39]. The mortar sample in a latex container was placed in the
container with silicone grease and weighed every minute for a period of 24 h. Silicone
grease (Molyduval Silo D350, density: 970 kg/m?) helped prevent water migration through
the latex membrane due to osmotic effects. The measurement of the change in mortar
volume was started 10 min after contact between water and dry materials. During the test,
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some of the evolved gas collected above the mortar and was included in the total volume
of the sample.

The rheological properties of the cement mortars were tested using a cone with a
diameter of 3 cm and a height of 5 cm, according to LST EN 12706. The slump flow
measurement was started 5 min after mixing the mortars. The slump was measured every
5-10 min for 90 min.

The compositions of the cement mortar are given in Table 2. In order to minimize the
formation of cracks due to Hj evolution, the maximum content of MSWI BA was upped
to 10%. In the mixtures with alternative microfillers, a part of the MSWI BA was replaced
by 2.5% of the other microfillers. The superplasticizer content was kept constant in all
mixtures at 1.8% (more than 100%), with a W/S (water/solid ratio) of 0.12.

Table 2. Compositions of the cement mortar (%) by mass.

Mark Cement MSWI BA MQ ME MG MS Qs
M1 35 65
M2 35 5 60
M3 35 5 60
M4 35 2.5 2.5 60
M5 30 10 60
M6 30 7.5 2.5 60
M7 30 7.5 2.5 60
M8 30 7.5 25 60
M9 30 7.5 2.5 60

Cement pastes (Table 3) (compositions without QS) were used to study the change
in volume of the samples due to the evolution of the hydrogen gas and cement hydration
properties. The superplasticizer content was kept constant in all mixtures: 1.3% (more than
100%), with a W/S of 0.24. In these compositions, W/S was higher compared to M1-M9; In
Table 3, compositions of cement pastes without the fine QS aggregate are presented.

Table 3. Compositions of cement pastes (%) by mass.

Mark Cement MSWI BA (FP) MQ ME MG MS
CP1 100 0 0 0 0 0
CP2 87.5 12.5 0 0 0 0
CP3 87.5 9.5 3 0 0 0
CP4 87.5 9.5 0 3 0 0
CP5 87.5 9.5 0 0 3 0
CP6 87.5 9.5 0 0 0 3

The procedure for the preparation of the samples was as follows: cement, MSWI BA,
alternative microfillers, and sand, if needed, were mixed dry in a Hobart mixer according
to EN 196-1 at the first speed for 1.5 min (140 + 5 min~'); then, water and superplasticizer
were added; the mixture was mixed for 1.5 min at the first speed; the mixer was stopped for
30 s; afterwards the mixing continued at the second speed (285 - 10 min ') for 1 min. After
mixing, 160 x 40 x 40 mm samples were molded. After 24 h, the samples were demolded
and stored in a chamber at a 20 & 2 °C temperature and 65% humidity for the curing time
required for the tests (28 days).

The densities of the samples cured for 28 days (according to LST EN 1015-11) were
calculated based on their mass and volume; three samples of each composition were tested.
The flexural (3 samples of each composition) and compressive strengths (6 samples of each
composition) of the samples were determined after 28 days of curing with the Tinius Olsen
H200 KU press, according to the requirements of LST EN 196.

To determine the leaching of harmful substances, the samples were prepared according
to LST EN 12457-2 in a 10 L/kg water—solid ratio, with a particle size below 4 mm. The
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samples were tested after 28 days of curing. The electrical conductivity and pH of the
filtered eluate were measured after the agitation of the leachate for 24 h. The chemical
composition of the eluate was analyzed using a Rigaku ZSX Primus IV XRF spectrometer.

3. Results
3.1. Tests on Cement Mortar and Hardened Cement Paste

The cement mortar slump flow tests showed (Figure 3) that milled MSWI BA could be
used as an additional microfiller. A total of 10% of MSWI BA (M5) was effective at increasing
the slump flow of the mortar with little variation over a 90 min period. Compared to the
control specimen M1, where no MSWI BA was used, the slump flow increased from 50 mm
to 90-120 mm, depending on the composition. (Higher slump values were obtained for
compositions with 7.5% and 10.0% of MSWI BA in compositions M5-M9.) In other scientific
works [2], it was found that the slump flow depended on the size of MSWI BA: a high
workability value was established for mixtures with fine MSWI BA, and this was attributed
to the loss of cohesion between aggregates and cement paste; if MSWI BA was used as the
coarse aggregate, the slump flow usually decreased, due to the high water absorption of
MSWI BA, compared to natural aggregate. It could be that in our tests, 5% of the MSWI
BA used was too small of a quantity to influence the cohesion (slump flow after 30 min
decreases), but a higher amount (10%) could have a significant impact and increase slump
flow. However, water separation was observed in mixtures where only MSWI BA (M3, M5)
was used. Water separation was not observed in the compositions with the addition of
milled quartz sand (M4, M6), metakaolin (M7), milled glass (M8), and microsilica (M9), due
to the high surface areas of these additives. A high percentage of fines in milled sand can
affect the water demand required to obtain constant workability; additionally, the produced
sand typically has more angular particles, which also tend to increase the water demand,
as they affect the content of the voids and frictional properties in concrete [40-42].
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Figure 3. Slump flows of cement mortars.

Cement pastes without quartz sand were used to study the change in the volume of
the samples as a result of the evolution of the hydrogen gas. During the tests, some of the
H; gas evolved without affecting the volume of the sample (above the cement paste) but
were included in the overall change in volume. The compositions of the mixtures tested
are given in Table 3, and the data obtained are shown in Figure 4. The addition of milled
glass was found to significantly increase the evolution of the gas (about 25%, compared
to the CP1 control specimen CP1). When milled MSWI BA was used without additional
additives or the addition of milled quartz sand, microsilica, or metakaolin, the changes
in the volume of the samples were similar, with an increase of 11-12% after 10 h. The
most intense changes in the volume of cement paste occurred in the first 300 min after
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mixing. Meanwhile, the volumes of the cement pastes with SP (without microfillers) were
reduced by approximately 1% after 10 h. P. Paulini [43] used a similar method for the
evaluation of cement shrinkage and established that such a method was appropriate to
analyze the efficiency of additives in cement paste, especially for the initial reaction period,
and determined that the volume of cement samples without special additives decreased.

26.0
22.0
18.0

14.0

10.0
6.0

2.0

Variation of sample volume (%)

-20 ¢ 50 100 150 200 250 300 350 400 450 500 550 600
Time (min)
—CcP1 —CP2 —CP3 ——(CP4 ——CP5 ——CP6
Figure 4. Test results for the changes in cement paste volumes due to hydrogen gas evolution.

The effect of the additives used on the change in cement paste volume during the
first 100 min is shown in detail in Figure 5. The volume of additive-free cement mortar
(CP1) decreased in the first minutes of the test. A certain induction period was observed
in all mortars containing other microfillers. At the initial stage, the gas evolution in the
modified specimens was slower compared to mortar CP2. This effect was observed even
with the addition of milled glass microfillers (CP5). Apparently, these additives influenced
the variation in pH of the liquid phase of cement mortars, especially MG, due to the large
amount of Na in their chemical composition. The pH in the composition with MG was
higher compared to other compositions, in which a large amount of SiO, was used and the
pH was lower. The most effective way to reduce the evolution of the gas at the beginning
of the process was by adding 2.5% metakaolin (CP4). In literature [44], it was established
that the addition of metakaolin reduces pH, due to the pozzolanic reaction that occurs in
cementitious materials. In an environment with less pH (less alkaline), reaction according
to the Equation (1) is not so intensive.
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Figure 5. Test results for the change in specimen volumes due to hydrogen gas evolution.
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The densities of the hardened cement mortar samples M1-M9 were found to vary from
2200 kg/m? to 2300 kg/m3. The lowest densities were found in samples with the highest
MSWI BA contents and without additional additives, due to their lower densities compared
to cement and a higher evolution of the Hy gas. Similar trends have been presented in other
works [45,46], where the densities decrease with increasing amounts of MSWI BA.

In literature [2], it is written that the use of MSWI BA in cement mortar and concrete
causes a reduction in compressive, tensile, and flexural strength, due to the cement dilution
effect, and a higher evolution of the H; gas, due to metal Al; however, this can be alleviated
by limiting the level of the MSWI BA replacement. In this work it was found that the
flexural strength varied from 5.8 MPa to 7.5 MPa, and the compressive strength varied from
54.7 MPa to 75.6 MPa (Figure 6). The highest strength values were obtained for samples
in which 2.5% of microsilica (M9) was used together with milled MSWI BA; these results
can be explained by the high reactivity of microsilica and the greater amount of calcium
hydrosilicates formed (CSH) [47]. The composition M7 modified with the 2.5% ME additive
also showed relatively high strength, due to the pozzolanic activity of metakaolin. It was
also found in literature [48] that the basic physical properties of metakaolin were very
similar to PC. The compressive strength of sample M7 with metakaolin was similar to
that of the control sample M1, although M7 contained 10% less cement. A comparison
of the M6-M9 compositions, which contained the same amount (7.5%) of MSWI BA and
2.5% of other pozzolanic additives, showed that samples with microsilica had the highest
compressive strength, due to the highest pozzolanic activity and the largest surface area
of microsilica, followed by samples containing metakaolin, while samples with milled
glass had the lowest strength. The test data showed that the addition of milled MSWI BA
(up to 33% by weight of cement) reduced the compressive strength of the specimens by
10%. The mechanical properties of the samples were adversely affected by the addition
of milled glass (MG), which intensified the evolution of Hj, due to the highest alkalinity.
In contrast, the addition of metakaolin, which reduced the alkalinity of the environment,
inhibited these processes. On the basis of the analysis of the change in sample volume due
to the aluminum and alkali reactions and the mechanical properties of the samples, the
metakaolin additive was chosen for further investigations.
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Figure 6. Compressive and flexural strengths of mortars at 28 days.

3.2. Tests on Cement Hydration

The compositions used for the microcalorimetry are shown in Table 3. After adjusting
the results to the same cement content, the microcalorimetric curves (Figures 7 and 8)
showed that the heat flow rate and the total amount of heat released were very similar
and overlapped for all mixtures. The additives used, including MSWI BA, did not have a
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significant effect on the amount of heat released and the kinetics of cement hydration. Pre-
vious literature [49,50] found that the addition of MSWI BA provided effective nucleation
sites for CSH to form and therefore increased the heat output rate during the acceleratory
period, despite a 20% cement dilution.

0.022 0.0035
.02
00 0.003
0.018
5 0.016 —~0.0025
E 0.014 §J
= < 0.002
2 0.012 2
i) o
w001 = 0.0015
s MR
& 0.008 5
T 0006 T 0.001
004
0.00 0.0005
0.002 ‘
0 0
0 01 02 03 04 05 06 07 1 5 9 13 17 21 25 29 33 37
Time (h) Time (h)
CcP1 —CP2 —CP4 CP1 —CP2 ——CP4

Figure 7. Effect of cement paste composition on the heat flow rate.
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Figure 8. Effect of cement paste composition on the total heat released.

The results of the quantitative analysis of the mineral phases by Rietveld XRD showed
that the replacement of 9.5-12.5% of cement with finely dispersed MSWI BA caused the
contents of portlandite and ettringite to decrease and the amount of the amorphous phase
to increase (Table 4). The use of 12.5% MSWI BA (CP2) reduced the portlandite content
by approximately 25% after 7 days of curing and by approximately 3% after 28 days of
curing. The amorphous phase increased by about 35% and 3%, respectively. Therefore,
the effect of MSWI BA was stronger during the first days of curing, with results similar to
those of the control samples. The most significant effect on phase changes was observed
after 28 days of curing when 12.5% of the cement was replaced with 9.5% MSWI BA and
3% metakaolin. The portlandite content decreased by approximately 20%, the content
of ettringite decreased by approximately 30%, and the amorphous phases increased by
approximately 10%. These results lead to the conclusion that MSWI BA promotes the
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formation of a higher amount of amorphous phase, and thus, the hardened cement paste
should have a denser structure and higher strength.

Table 4. XRD Rietveld test results.

Mineral (%) CP1 CP2 CP4 CP1 CP2 CP4
After 7 Days After 28 Days
Belite 16.5 10.2 114 8.6 7.3 8.6
Calcium aluminum 22 1.7 22 0.6 1.1 0.7
oxide

Periclase 1.2 0.8 0.6 0.1 0.0 0.1
Alite 8.5 7.6 7.0 6.5 7.7 6.0
Calcite 6.2 5.7 6.7 4.2 4.0 4.0
Portlandite 14.3 10.8 12.0 11.2 10.9 9.1
Brownmillerite 2.5 2.6 2.0 3.4 2.5 3.0
Gypsum 1.6 1.6 2.0 2.3 1.9 2.5
Ettringite 5.6 3.9 5.3 5.8 5.0 4.0
Zincite 10.0 10.0 10.0 10.0 10.0 10.0
Quartz 2.6 0.6 0.7 0.3
Amorphous phase 31.6 425 40.4 47.5 49.1 51.9

The results of the thermal analysis (Figures 9 and 10 and Table 5) showed that the
decomposition of the hydration products in all compositions took place at the same tem-
perature; the mass loss at temperatures up to 400 °C was similar in all compositions, with
greater differences recorded at 430-560 °C (portlandite decomposition) and 600-750 °C
(carbonate decomposition) [51]. As portlandite is one of the most important hydration
products of Portland cement, its content was examined in more detail (Table 5). Naturally,
the portlandite content decreased when part of the cement was replaced with additives; the
most significant decreases of approximately 22% and 12% were observed at 7 and 28 days,
respectively, in the samples where the MSWI BA and ME additives were used. The port-
landite content also decreased in the specimens modified with MSWI BA only. To ensure
that the decrease in portlandite content was not only due to the cement dilution effect, its
content was adjusted to the same amount of cement (Table 5). It was found that in the
samples with MSWI BA, the portlandite content also decreased with the same amount of
cement. This decrease in portlandite can be explained by the pozzolanic effect of MSWI BA.
The carbonate content in the samples with cement and with MSWI BA-modified cement
was found to be similar, but the addition of ME resulted in a lower carbonate content at
both 7 and 28 days.

5.0

9]

DTA (uV)

-20.0 -25
30 130 230 330 430 530 630 730 830 930

Mass change (%) (dashed lines)

Temperature (°C)
—CP1 ——CP2 ——CP4

Figure 9. DTA and TG results after 7 days of curing.
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Figure 10. DTA and TG results after 28 days of curing.
Table 5. Mass loss results for the relevant temperature ranges.
Amount of Dry-Basis Amount of Cement-Base 600-750 °C,
| o o,
Mark 430-560 °C, % Portlandite, % Portlandite, % %
At 7 days
CP1 3.7 18.8 18.8 2.6
CP2 3.1 15.0 16.7 2.5
CP4 3.0 14.7 16.4 2.3
At 28 days
CP1 3.6 18.8 18.8 3.4
CP2 3.3 16.9 18.7 3.5
CP4 3.2 16.5 18.3 3.2

3.3. Testing the Leaching of Harmful Substances

The analysis of the substances from the crushed samples dissolved in water did not
reveal the presence of any heavy metals or other particularly harmful substances in the
eluate (Table 6). Leaching of certain amounts of calcium and potassium increased the pH

and electrical conductivity of the eluate.

Table 6. Amounts of oxides leached from the samples and properties of leachate (DW—distilled water).

P205 CaO MgO A1203 SO3 Kzo Fe203 P o
Mark (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) Conductivity (mS) pH T (°C)
DW 6 4 0 0 0 0 0 0.03 6.46 229
M1 9 43 34 13 4 17 2 5.46 12.37 214
M5 8 29 27 8 3 17 0 5.16 12.33 21.2
M7 10 31 0 7 0 14 0 3.96 12.27 20.5
M8 9 28 24 7 0 14 0 5.85 12.30 21.3
M9 8 23 26 6 0 12 0 4.18 12.22 21.0

4. Conclusions

Milled MSWI BA was found to cause cement paste samples to swell, due to the reaction
of residual Al with the alkalis released during cement hydration, which is most pronounced
during the first 300 min. The addition of metakaolin reduced the evolution of H, and had a
positive effect on the mechanical properties of cement mortar. The induction period, which
was observed during the initial stage of H, evolution, was influenced by the properties of

the microfiller used.
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The addition of milled MSWI BA to cement mortars with superplasticizers increased
the slump flow; therefore, milled MSWI BA can be used as a microfiller. Milled MSWI BA
is more effective when used in combination with metakaolin.

The densities of the hardened cement mortars tested showed little variation, ranging
from 2200 to 2300 kg/m?3. The highest compressive strength values were obtained in sam-
ples modified with MSWI BA and microsilica. However, for economic reasons and smaller
changes in the volumes of samples, the addition of waste metakaolin was recommended.
In that case, with 10% cement replaced with 7.5% of MSWI BA and 2.5% metakaolin, the
compressive strength at 28 days was similar to the strength of the unmodified samples.

The results of the microcalorimetry showed that the replacement of part (up to 12.5%)
of the cement with MSWI BA did not have a significant effect on the hydration kinetics of
the cement.

The most significant effect on changes in mineral phases in cement mortars was caused
by the addition of a complex additive, where 12.5% of cement was replaced by 9.5% MSWI
BA and 3% metakaolin. It caused an approximately 20% decrease in portlandite, 30%
decrease in ettringite, and 10% increase in the amorphous phase, compared to the control
sample. According to the thermal analysis results, MSWI BA and metakaolin reduced
the portlandite content, and the combined effect of these additives was the most effective.
These results suggest that MSWI BA also acts as a pozzolanic additive.

The leaching test for harmful substances showed that the leaching of calcium and
potassium from the cement mortar samples caused the pH and electrical conductivity of
the eluate to increase. Heavy metals were not detected in the leachate.

Author Contributions: Conceptualization, ]. M. and E.S.; methodology, ] M. and E.S.; validation, ].M.,
E.S. and R.S,; formal analysis, ].M. and E.S.; investigation, ]. M. and E.S.; resources, R.S.; data curation,
J.M., E.S. and R.S.; writing—original draft preparation, ].M. and E.S.; writing—review and editing,
J.M. and R.S,; visualization, ].M. and R.S.; supervision, R.S.; project administration, R.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Al-Ghouti, M.A ; Khan, M.; Nasser, M.S.; Al Saad, K.; Heng, O.E. Recent advances and applications of municipal solid wastes bottom
and fly ashes: Insights into sustainable management and conservation of resources. Environ. Technol. Innov. 2020, 21, 101267. [CrossRef]

2. Bawab, J.; Khatib, J.; Kenai, S.; Sonebi, M. A Review on Cementitious Materials Including Municipal Solid Waste Incineration
Bottom Ash (MSWI-BA) as Aggregates. Buildings 2021, 11, 179. [CrossRef]

3.  Loginova, E.; Schollbach, K.; Proskurnin, M.; Brouwers, H.].H. Municipal solid waste incineration bottom ash fines: Transforma-
tion into a minor additional constituent for cements. Resour. Conserv. Recycl. 2021, 166, 105354. [CrossRef]

4. Wiles, C.C. Municipal solid waste combustion ash: State of the knowledge. J. Hazard. Mater. 1996, 47, 325-344. [CrossRef]

5. Hoornweg, D.; Bhada-Tata, P. What a Waste: A Global Review of Solid Waste Management. Urban Dev. Ser. Knowl. Pap. 2012,
151-198. Available online: https://openknowledge.worldbank.org/handle/10986 /17388 (accessed on 15 October 2022).

6. Obe, RK.D.; Brito, J.; Lynn, C.J; Silva, R.V. Municipal Solid Waste Composition, Incineration, Processing and Management of
Bottom Ashes. Sustain. Constr. Mater. 2018, 31-90. [CrossRef]

7. Loginova, E.; Volkov, D.S.; Wouw, M.V.; Florea, A.; Brouwers, H.J.H. Detailed characterization of particle size fractions of
municipal solid waste incineration bottom ash. J. Clean. Prod. 2019, 207, 866-874. [CrossRef]

8.  Tang, P; Florea, M.V.A.; Spiesz, P.; Brouwers, H.].H. Characteristics and application potential of municipal solid waste incineration
(MSWI) bottom ashes from two waste-to-energy plants. Constr. Build. Mater. 2015, 83, 77-94. [CrossRef]

9. Tang, Z.; Li, W,; Tamb, VW.Y.; Xue, C. Advanced progress in recycling municipal and construction solid wastes for manufacturing
sustainable construction materials. Resour. Conserv. Recycl. 2020, 6, 100036. [CrossRef]

10. Sormunen, L.A ; Kalliainen, A.; Kolisoja, P.; Rantsi, R. Combining mineral fractions of recovered MSWI bottom ash: Improvement

for utilization in civil engineering structures. Waste Biomass Valorization 2017, 8, 1467-1478. [CrossRef]


http://doi.org/10.1016/j.eti.2020.101267
http://doi.org/10.3390/buildings11050179
http://doi.org/10.1016/j.resconrec.2020.105354
http://doi.org/10.1016/0304-3894(95)00120-4
https://openknowledge.worldbank.org/handle/10986/17388
http://doi.org/10.1016/B978-0-08-100997-0.00003-8
http://doi.org/10.1016/j.jclepro.2018.10.022
http://doi.org/10.1016/j.conbuildmat.2015.02.033
http://doi.org/10.1016/j.rcrx.2020.100036
http://doi.org/10.1007/s12649-016-9656-4

Materials 2023, 16, 2528 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tucker, E.L.; Ferraro, C.C.; Laux, S.J.; Townsend, T.G. Economic and life cycle assessment of recycling municipal glass as a
pozzolan in portland cement concrete production. Resour. Conserv. Recycl. 2018, 129, 240-247. [CrossRef]

Keulen, A.; Zomeren, A.; Harpe, P.; Aarnink, W.; Simons, H.A.E.; Brouwers, H.J.H. High performance of treated and washed
MSWI bottom ash granulates as natural aggregate replacement within earth-moist concrete. Waste Manag. 2016, 49, 83-95.
[CrossRef] [PubMed]

Lynn, C.J.; Dhir, R.K.; Ghataora, G.S. Municipal incinerated bottom ash characteristics and potential for use as aggregate in
concrete. Constr. Build. Mater. 2016, 127, 504-517. [CrossRef]

Saikia, N.; Cornelis, G.; Mertens, G.; Elsen, J.; Balen, K.; Gerven, T.; Vandecasteele, C. Assessment of Pb-slag, MSWI bottom ash
and boiler and fly ash for using as a fine aggregate in cement mortar. J. Hazard. Mater. 2008, 154, 766-777. [CrossRef]

Saikia, N.; Mertens, G.; Van Balen, K.; Elsen, J.; Van Gerven, T.; Vandecasteele, C. Pretreatment of municipal solid waste
incineration (MSWI) bottom ash for utilization in cement mortar. Constr. Build. Mater. 2015, 96, 76-85. [CrossRef]

Tyrer, M. Municipal Solid Waste Incinerator (MSWI) Concrete; Eco-Efficient Concrete; Woodhead Publishing: Sawston, UK, 2013;
pp. 273-310. [CrossRef]

An, ].; Kim, J.; Nam, B.H. Investigation on impacts of municipal solid waste incineration bottom ash on cement hydration. ACI
Mater. J. 2017, 114, 701-711. [CrossRef]

Polettini, A.; Pomi, R.; Fortuna, E. Chemical activation in view of MSWI bottom ash recycling in cement-based systems. J. Hazard.
Mater. 2009, 162, 1292-1299. [CrossRef] [PubMed]

Sakata, K.; Shimomura, T. Recent progress in research of and code evaluation of concrete creep and shrinkage in Japan. J. Adv.
Concr. Technol. 2004, 2, 133-140. [CrossRef]

Bentz, D.P,; Snyder, K.A. Protected paste volume in concrete extension to internal curing using saturated lightweight fine
aggregate. Cem. Concr. Res. 1999, 29, 1863-1867. [CrossRef]

Antoun, M.; Becquart, F; Gerges, N.; Aouad, G. The use of calcium sulfo-aluminate cement as an alternative to Portland Cement
for the recycling of municipal solid waste incineration bottom ash in mortar. Waste Manag. Res. 2020, 38, 868-875. [CrossRef]
Bertolini, L.; Carsana, M.; Cassago, D.; Curzio, A.Q.; Collepardi, M. MSWI ashes as mineral additions in concrete. Cem. Concr. Res.
2004, 34, 1899-1906. [CrossRef]

Pundinaité-Barsteigiené, M.; Bac¢inskas, D.; Spudulis, E.; Rumsys, D. MSWI bottom ash utilization in concrete mixes. Sci. Future
Lith. 2017, 9, 524-530. [CrossRef]

Qiao, X.C.; Tyrer, M.; Poon, C.S.; Cheeseman, C.R. Characterization of alkali-activated thermally treated incinerator bottom ash.
Waste Manag. 2008, 28, 1955-1962. [CrossRef] [PubMed]

Yang, Z.; Tian, S.; Liu, L.; Wang, X.; Zhang, Z. Recycling milled MSWI bottom ash in cement composites: Long-term environmental
impacts. Waste Manag. 2018, 78, 841-848. [CrossRef] [PubMed]

Huang, T.Y.; Chiueh, P.T,; Lo, S.L. Life-cycle environmental and cost impacts of reusing fly ash. Resour. Conserv. Recycl. 2017, 123,
255-260. [CrossRef]

Huber, E; Fellner, J. Integration of life cycle assessment with monetary valuation for resource classification: The case of municipal
solid waste incineration fly ash. Resour. Conserv. Recycl. 2018, 139, 17-26. [CrossRef]

Alam, Q.; Florea, M.V.A; Schollbach, K.; Brouwers, H.].H. A two-stage treatment for Municipal Solid Waste Incineration (MSWI)
bottom ash to remove agglomerated fine particles and leachable contaminants. Waste Manag. 2017, 67, 181-192. [CrossRef]
Caprai, V.; Gauvin, E; Schollbach, K.; Brouwers, H.J.H. MSWI bottom ash as binder replacement in wood cement composites.
Constr. Build. Mater. 2019, 196, 672-680. [CrossRef]

Zhen, G.; Zhou, H.; Zhao, T.; Zhao, Y. Performance appraisal of controlled low strength material using sewage sludge and refuse
incineration bottom ash. Chin. J. Chem. Eng. 2012, 20, 80-88. [CrossRef]

Zhen, G.; Lu, X.; Zhao, Y,; Niu, J.; Chai, X,; Su, L.; Li, Y.Y,; Liu, Y.; Du, J.; Hojo, T.; et al. Characterization of controlled low-strength
material obtained from dewatered sludge and refuse incineration bottom ash: Mechanical and microstructural perspectives. J.
Environ. Manag. 2013, 129, 183-189. [CrossRef] [PubMed]

Dhir, R.K,; Brito, J.; Lynn, J.; Silva, R.V. Sustainable Construction Materials: Municipal Incinerator Bottom Ashes; Woodhead Publishing:
Duxford, UK, 2018; 444p.

Arickx, S.; Borger, V.; Gerven, T.; Vandecasteele, C. Effect of carbonation on the leaching of organic carbon and of copper from
MSWI bottom ash. Waste Manag. 2010, 30, 1296-1302. [CrossRef] [PubMed]

Baciocchi, R.; Costa, G.; Lategano, E.; Marini, C.; Polettini, A.; Pomi, R.; Postorino, P.; Rocca, S. Accelerated carbonation of
different size fractions of bottom ash from RDF incineration. Waste Manag. 2010, 30, 1310-1317. [CrossRef] [PubMed]

Arm, M,; Suer, P.; Arvidsson, H.; Lindqvist, ].E. Technical and environmental longterm properties of industrial residues-summary
of field and laboratory investigations. Waste Manag. 2011, 31, 101-107. [CrossRef]

Dabo, D.; Badreddine, R.; Windt, L.; Drouadaine, I. Ten-year chemical evolution of leachate and municipal solid waste incineration
bottom ash used in a test road site. . Hazard. Mater. 2009, 172, 904-913. [CrossRef] [PubMed]

Qiao, X.C.; Tyrer, M.; Poon, C.S.; Cheeseman, C.R. Novel cementitious materials produced from incinerator bottom ash. Resour.
Conserv. Recycl. 2008, 52, 496-510. [CrossRef]

Tang, P.; Chen, W.; Xuan, D.; Zuo, Y.; Poon, C.S. Investigation of cementitious properties of different constituents in municipal
solid waste incineration bottom ash as supplementary cementitious materials. J. Clean. Prod. 2020, 258, 120675. [CrossRef]


http://doi.org/10.1016/j.resconrec.2017.10.025
http://doi.org/10.1016/j.wasman.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26856445
http://doi.org/10.1016/j.conbuildmat.2016.09.132
http://doi.org/10.1016/j.jhazmat.2007.10.093
http://doi.org/10.1016/j.conbuildmat.2015.07.185
http://doi.org/10.1533/9780857098993.3.273
http://doi.org/10.14359/51689712
http://doi.org/10.1016/j.jhazmat.2008.06.018
http://www.ncbi.nlm.nih.gov/pubmed/18632208
http://doi.org/10.3151/jact.2.133
http://doi.org/10.1016/S0008-8846(99)00178-7
http://doi.org/10.1177/0734242X20925170
http://doi.org/10.1016/j.cemconres.2004.02.001
http://doi.org/10.3846/mla.2017.1081
http://doi.org/10.1016/j.wasman.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18023169
http://doi.org/10.1016/j.wasman.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32559979
http://doi.org/10.1016/j.resconrec.2016.07.001
http://doi.org/10.1016/j.resconrec.2018.08.003
http://doi.org/10.1016/j.wasman.2017.05.029
http://doi.org/10.1016/j.conbuildmat.2018.11.153
http://doi.org/10.1016/S1004-9541(12)60366-8
http://doi.org/10.1016/j.jenvman.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23933484
http://doi.org/10.1016/j.wasman.2009.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19944584
http://doi.org/10.1016/j.wasman.2009.11.027
http://www.ncbi.nlm.nih.gov/pubmed/20045306
http://doi.org/10.1016/j.wasman.2010.09.004
http://doi.org/10.1016/j.jhazmat.2009.07.083
http://www.ncbi.nlm.nih.gov/pubmed/19733006
http://doi.org/10.1016/j.resconrec.2007.06.003
http://doi.org/10.1016/j.jclepro.2020.120675

Materials 2023, 16, 2528 14 of 14

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bouasker, P.; Mounanga, P; Turcry, A.; Loukili, A.; Khelidj, A. Chemical shrinkage of cement pastes and mortars at very early age:
Effect of limestone filler and granular inclusions. Cem. Concr. Compos. 2008, 30, 13-22. [CrossRef]

Katz, A.; Baum, H. Effect of High Levels of Fines Content on Concrete Properties. ACI Mater. ]. 2006, 103, 474-482.

Lohani, T.K.; Padhi, M.; Dash, K.P. Optimum utilization of quarry dust as partial replacement of sand in concrete. Int. ]. Appl. Sci.
Eng. Res. 2012, 1, 391-404. [CrossRef]

Hudson, B.P. Effect of Manufactured Aggregate and Sand Shape on Concrete Production and Placement; Svedala Barmac New Zealand
Limited: Matamata, New Zealand, 1995; pp. 1-15.

Paulini, P. A weighing method for cement hydration. In Proceedings of the 9th International Congress on the Chemistry of
Cement, National Council for Cement and Building Materials, New Delhi, India, 14 September 1992; Mullick, A.K., Ed.; Volume 4,
pp- 248-254.

Kepperta, M.; Pommerb, M.; Kofidkovac, D.; Vejmelkovad, E.; Cernye, R. Influence of metakaolin on pH of cement paste. AIP
Conf. Proc. 2021, 2429, 020012. [CrossRef]

Machaka, M.; Khatib, J.; Elkordi, A.; Ghanem, H.; Baalbaki, O. Selected properties of concrete containing Municipal Solid Waste
Incineration Bottom Ash (MSWI-BA). In Proceedings of the 5th International Conference on Sustainable Construction Materials
and Technologies (SCMT5), London, UK, 14-17 July 2019; Volume 1, pp. 305-317.

Qiao, X.C.; Ng, B.R,; Tyrer, M.; Poon, C.S.; Cheeseman, C.R. Production of lightweight concrete using incinerator bottom ash.
Constr. Build. Mater. 2008, 22, 473-480. [CrossRef]

Mondal, P; Shah, S.P.; Marks, L.D.; Gaitero, J.]. Comparative Study of the Effects of Microsilica and Nanosilica in Concrete. Transp.
Res. Rec. J. Transp. Res. Board 2010, 2141, 6-9. [CrossRef]

Vejmelkovd, E.; Pavlikova, M.; Keppert, M.; Kersner, Z.; Rovnanikovéa, P.; Ondracek, M.; Sedlmajer, M.; Cerny, R. High
performance concrete with Czech metakaolin: Experimental analysis of strength, toughness and durability characteristics. Constr.
Build. Mater. 2010, 24, 1404-1411. [CrossRef]

Zhang, S.; Ghouleh, Z.; He, Z.; Hu, L.; Shao, Y. Use of municipal solid waste incineration bottom ash as a supplementary
cementitious material in dry-cast concrete. Constr. Build. Mater. 2021, 266, 120890. [CrossRef]

Mostafa, N.Y.; Brown, P.W. Heat of hydration of high reactive pozzolans in blended cements: Isothermal conduction calorimetry.
Thermochim. Acta 2005, 435, 162-167. [CrossRef]

Scrivener, K.L.; John, V.M.; Gartner, E.M. Eco-efficient cements: Potential economically viable solutions for a low-CO, cement-
based materials industry. Cem. Concr. Res. 2018, 114, 2-26. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cemconcomp.2007.06.004
http://doi.org/10.6088/ijaser.0020101040
http://doi.org/10.1063/5.0069758
http://doi.org/10.1016/j.conbuildmat.2006.11.013
http://doi.org/10.3141/2141-02
http://doi.org/10.1016/j.conbuildmat.2010.01.017
http://doi.org/10.1016/j.conbuildmat.2020.120890
http://doi.org/10.1016/j.tca.2005.05.014
http://doi.org/10.1016/j.cemconres.2018.03.015

	Introduction 
	Materials and Methods 
	Results 
	Tests on Cement Mortar and Hardened Cement Paste 
	Tests on Cement Hydration 
	Testing the Leaching of Harmful Substances 

	Conclusions 
	References

